Detailed understanding of the structure and function relationship of RNA requires knowledge about RNA three-dimensional (3D) topological folding. However, there are very few unique RNA entries in structure databases. This is due to challenges in determining 3D structures of RNA using conventional methods, such as X-ray crystallography and NMR spectroscopy, despite significant advances in both of these technologies. Computational methods have come a long way in accurately predicting the 3D structures of small (< 50 nt) RNAs to within a few angstroms compared to their native folds. However, lack of an apparent correlation between an RNA primary sequence and its 3D fold ultimately limits the success of purely computational approaches. In this context, small angle X-ray scattering (SAXS) serves as a valuable tool by providing global shape information of RNA. In this article, we review the progress in determining RNA 3D topological structures, including a new method that combines secondary structural information and SAXS data to sample conformations generated through hierarchical moves of commonly observed RNA motifs.
Introduction
RNAs play pivotal roles in many cellular processes, including the regulation of gene expression [1] [2] [3] . Knowledge of their 3D structures is vital to understanding their biological functions. Despite importance of RNA in biology, there is general lack of RNA structural information in the current databases, where there are fewer than 100 unique RNA structure entries, excluding simple RNA hairpins or duplexes. Clearly, this is not due to lack of interest in RNA structure and function. But rather, it is due to some technical hurdles. High-resolution techniques, such as X-ray crystallography and NMR spectroscopy, are ideal for studying macromolecular structures. However, when applied to RNAs, they face several technical limitations, such as obtaining crystals suitable for diffraction or excessive NMR-signal overlap.
The RNA folding problem is unique in many aspects. The electron-rich sugarphosphate backbone of RNAs makes their folding architecture susceptible to the surrounding polar environment [4] . Since they are composed of only four different nucleotide types and a limited number of secondary structural motifs, RNAs must be very flexible for adopting diverse conformations in order to meet functional needs. A single strand of RNA folds back on itself to form loops and duplexes, and duplexes across a junction may helically stack to give further stability to the molecule. Duplexes and loops from separate domains may participate in long-range packing interactions to drive 3D folding. Various computational and experimental methods for RNA structure determination have emerged to circumvent the limitations posed by conventional methods by exploiting the general structural constraints and folding principles derived from known structures in databases. Purely computational software [5] [6] [7] , which solely utilize empirical force fields and database restraints, have shown that it is possible to predict the native folds of mostly smaller (< 50 nt) RNAs. Nonetheless, structure prediction algorithms are limited by the availability of the folding architectures in the databases, and predicted models may deviate substantially from the native structures as the size of the molecule increases. Therefore, hybrid methods that incorporate experimental constraints and secondary structural information in computational modeling may provide a practical way to determine 3D topological structures of large RNA molecules [8] , especially now that secondary structures of RNA can be predicted and verified by robust experimental means such as SHAPE technology [9, 10] .
Small angle X-ray scattering (SAXS) is a well understood physical phenomenon [11] . An X-ray beam passes through a solution and elastically scatters after hitting molecules in the solution. The scattering profile is recoded and radially averaged to reduce to a one-dimensional curve of scattering intensity plotted as function of scattering angles (momentum transfer). The scattering profile for biomacromolecues in solution can be obtained by subtraction of the SAXS contribution from buffer solution. The shape of such a scattering curve contains structural information [11, 12] . For this reason, SAXS data is used to derive molecular parameters such as overall size, molecular weight, oligomeric state, and global shape (Figure 1) [12] . In studying RNA, SAXS is particularly useful for molecular modeling. First of all, RNAs are predominantly made up of A-form duplexes. The elongated and modular nature of duplexes makes it relatively easy to locate position of a long helix in an RNA molecular envelope. Second, sugarphosphate backbones of nucleic acids are very sensitive to X-ray scattering and are very useful to delineate RNA molecular envelope [13, 14] .
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A widely used modeling approach is to derive the information content in SAXS by generating a molecular envelope using software by Svergen and coworkers [15] [16] [17] [18] . This is accomplished by laying out hundreds of identical beads (dummy atoms) in an enclosed volume and iteratively moving one at time in order to improve the fit between the SAXS profile of the model and the experimental data. The envelope is subsequently used for manual fitting of the helical segments in search of the global fold. Such an approach has been applied to derive topological folds of several RNAs [19] [20] [21] . In addition to constructing a molecular envelope, a complete SAXS spectrum may be used to determine the topological fold in two different ways. First, the SAXS-data fit may be used to filter [22] the candidate models obtained from other computational modeling programs. Alternatively, the SAXS-data fit can be used to efficiently sample the folding landscape starting from a simple 3D model of the secondary structural elements. The latter method can be accomplished through a fragment assembly search [23] 
Theory and Applications

Pure computational modeling
Computational modeling of RNA folding is carried out by applying Newtonian mechanics (molecular dynamics simulations), Monte Carlo moves, or any other sampling algorithm. Explicit all-atom molecular dynamics (MD) simulations demand a significant amount of computational time even with the latest generation computers, and thus, in this context, may only be applicable for structure refinements. However, RNAs are predominantly comprised of A-form-like duplexes, and a survey of duplexes taken from RNA crystal structures in the PDB showed that the backbone atoms (phosphate and sugar) fluctuated to within only 1 Å root mean squared deviation (rmsd) compared to their average positions [24] . Therefore, the computational cost of MD simulations can be greatly reduced to a first approximation by using a "reduced model" approach. This is generally true for an RNA molecule that is not undergoing large amplitude of local motion. For example, Ding et al. [6, 25, 26] represented each nucleotide as three beads (sugar, phosphate, and base) and input RNA sequences to a discrete MD engine to predict their structures and folding dynamics. Their software, iFoldRNA [6] , is mostly applicable to smaller (< 50 nt) RNAs. However, with the inclusion of additional constraints, a newer version, iFoldRNA-v2 [26] , was able to improve the prediction accuracy of the 3D fold of the M-box riboswitch (161 nt; PDB ID 3PDR ) from 32 Å to 7.7 Å rmsd compared to the crystal structure. The use of any long-range contact information that can be obtained from biochemical assays may be valuable in improving the accuracy of a model.
Another successful technique for computing RNA models is the fragment assembly approach. The MC-Fold | MC-Sym software [5] uses nucleotide cyclic motifs (NCMs), which include variable-length lone-pair loops and double-stranded motifs from the structure database, to build a fragment library. The software searches for a suitable combination of NCMs for the input RNA sequence by assigning energy scores, and then assembles the 3D fragments corresponding to each NCM using a sampling algorithm.
Prediction results of MC-Sym for thirteen RNAs (< 50 nt) were less than 3.5 Å rmsd compared to their experimentally determined structures. Although structure prediction by MC-Sym is limited to small RNAs with relatively simple folds, this modeling program is valuable in generating 3D models of larger RNAs, which can then be filtered by other methods using experimental SAXS data [19, 22] .
Although structure databases contain several unique RNA folds, automated 3D structure prediction programs are mostly limited by molecule size and the availability of commonly occurring structural motifs. Therefore, interactive RNA modeling may be useful when it comes to more complex RNA folds involving multiple junctions, base triplets, highly convoluted pseudoknots, or unusually long internal or terminal loops.
Using the RNA secondary structure as input, the RNA2D3D software [27] is useful for generating a simple 3D model and manipulating single strands, base pairs, and tertiary constraints. In addition, longer RNAs with greater structural complexity can be assembled using the popular programs, MANIP [28] and NAB [29] .
Modeling aided by SAXS data 2.2.1 Using a SAXS-derived molecular envelope
To delineate the structural information contained in SAXS data of larger RNA molecules, it may be worthwhile to perform additional SAXS experiments on smaller, stable fragments. Choice of the fragment constructs is mostly by trial and error, guided by comparison of SAXS-derived envelopes of fragment constructs with that of the intact molecule. SAXS-derived molecular envelopes of domains and subdomains are likely to be more easily interpretable in terms of model fitting or identifying structural features, such as coaxial stacking. Such an approach is particularly useful because of modular nature of RNA molecules. The Divide-and-Conquer approach, which represents the manual fitting of individual SAXS envelopes of the fragments into that of the complete structure, features an additional benefit of SAXS in determining the topological folds of some unique RNAs [19-21, 30, 31] . As an example, Fang et. al. [21] used SAXS to determine the global fold of the HIV-1 Rev response element (RRE) RNA, which provided the structural basis for the specificity of viral RNA recognition. The study revealed an "A-shaped" structure, with a separation distance (~55 Å) across the two legs coinciding approximately with that between the two arginine rich motifs in the Rev dimer ( Figure 2) [32, 33] .
A hybrid strategy can be applied for topological structure determination of RNA [19] , which combines experimental SAXS data and computational software to generate structural models that best fit the SAXS envelope. Ali and coworkers [19] have studied the unliganded state of the TPP riboswitch using this hybrid approach. Riboswitches are regulatory elements of mRNA that undergo a conformational switch upon binding of small-molecule metabolites. Riboswitches in ligand-free conformations are flexible, and thus challenging for structural investigation. In the above study, three truncation mutants, which constituted the complete TPP riboswitch, were used for SAXS data collection (Figure 3) . For each fragment, a number of structural models were produced using the MC-sym [5] software, and the model that best fit the SAXS-derived envelope of that fragment was selected. The fragment models were then combined in all possible ways to generate ensembles of the RNA, which were subsequently ranked based on their fit to the molecular envelope derived from the SAXS data of the whole riboswitch (Figure 3) .
Using SAXS data as a filter
One of the many utilities of SAXS-based modeling is the selection of candidates whose back-calculated SAXS profiles are consistent with experimental SAXS data. As an example, Yang et al. [22] developed a method called Fast-SAXS-RNA to filter the decoy models generated by MC-Sym using χ 2 (goodness of fit to SAXS data), explicit treatment of the solvent layer, and a two-bead (backbone and base) model. The Fast-SAXS-RNA method was successful at calculating topological folds of tRNA val and the group I intron P4-P6 domain to 8.6 Å and 16.0 Å rmsd, respectively, compared to their native folds (Figure 4) . In yet another study, Magdalena and coworkers [34] applied coarse graining of RNA to one-point-per-residue to model larger RNAs with MD simulations using the NAST software. The models predicted by NAST were filtered using simulated SAXS data and solvent accessibility (tertiary constraints) to generate 8.0 Å and 16.3 Å rmsd models, respectively, for tRNA phe and the group I intron P4-P6 domain (Figure 4) . It is interesting to note here the similarity in rmsd for both the tRNA (~8.0 Å) and the P4-P6 domain (~16.0 Å) models determined using two different methods. Results of both Fast-SAXS-RNA and NAST methods may, however, be biased by the limited availability of RNA structures to derive the constraints used for modeling the initial decoy structures.
Conformational sampling by fitness to SAXS data
As SAXS data contains the structural information on global fold, fitness to experimental SAXS data is a valuable guide for sampling 3D models of RNAs at the secondary structure level. This is accomplished through discrete sub-conformational changes (moves) aimed at minimizing the χ 2 value obtained for each successive global conformation. One way to bring about the sub-conformational changes is to use the Monte-Carlo-based fragment assembly method, which replaces secondary-structure elements with matching fragments from a variable-length fragment library. This method, reported by Michal and coworkers, was successfully applied to RNAs (< 70 nt) with relatively simple folds [23] . In contrast, RS3D (Y. R. Bhandari, J. R. Stagno, Y. -X.
Wang unpublished work), combines secondary structure information and SAXS data to determine RNA topological folds through "natural" hierarchical moves satisfying the Monte Carlo Metropolis Test. Here, conformational sampling is carried out through independent rotations or translations at both the local (nucleotide) and global (duplexes, loops, junctions, or strategic combination thereof) levels. The program is also capable of utilizing any available long-range structural information as an additional filter to narrow down the best conformational states.
The allowed move sets in RS3D follow a decision-making algorithm that ensures agreement between the back-calculated and experimental SAXS profiles, and conformity to the secondary structure constraints. The scattering profile is calculated through pairwise interactions of the atomic form factors using the Debye equation [35] . To ease the computational overhead due to calculations involving all-atom interactions, a reduced model is adopted, which treats each nucleotide as a single unit, or "glob." The scattering form factor for a glob is calculated as
In equation 1, f i and f j represent the atomic X-ray form factors, q is the momentum transfer in inverse angstroms, r ij is the pairwise distance between the i th and j th atom, and M represents the number of atoms in the glob. Average glob scattering factors specific to each nucleotide were calculated from over 30 different high-resolution (better than 3 Å) crystal structures of RNA. Figure 5 shows a comparison of the all-atom scattering profile (red) plotted against the scattering profile derived from the glob form factors (blue) after applying the correction factors corresponding to each momentum transfer (q). Hence, the glob parameters are sufficient to generate a scattering profile that closely approximates the all-atom derived scattering curve in a coarse-grain calculation.
The initial step in RS3D is to input the secondary structure information into RNA2D3D [27] to construct an initial 3D model in an open conformation (simply satisfying the secondary structure lay out). Next, the initial model is coarse-grained to represent each nucleotide as a glob located at the center of its electron density. Distance restraints that characterize covalent connectivity, duplex formation, and helical stacking are fed into the algorithm as pre-stored values. Any additional topological constraints, if available, are also provided as input at this stage. The program then carries out independent moves, each of which involves either a translation or rotation of a complete helical unit, or a group of globs selected arbitrarily by a random number generator. Every new move in the search for the target structure is directed towards the minimization of χ 2 , which is calculated as,
In equation 2,
represents the total number of data points, is the experimental scattering intensity, is the glob correction factor, is the back calculated scattering intensity of the model structure using the Debye equation, and is the experimental noise.The χ 2 values for both the current (χ 2 old ) and new conformation (χ 2 new ) are calculated, and the difference (χ 2 new -χ 2 old ) is subjected to the Metropolis test [36] given below.
In equation 3, and T represents the temperature factor used for applying simulated annealing every fixed number of iterations. The Metropolis test and the secondary structure constraints must be satisfied for each accepted new conformation, while the tertiary structure constraints act as a guide to converge to the native state.
For each RNA, 10000 to 30000 conformations were generated by RS3D and subjected to further analysis. The degeneracy in SAXS data makes it challenging to filter the best possible candidate solely based on the χ 2 value. Therefore, we ascribe two additional attributes to each conformation, namely, the solvent accessible surface area (SASA) and
the degree of extendedness. The degree of extendedness (E) is measured as,
In equation 4, is the maximum particle dimension, and N represents the total number of nucleotides present in the RNA. RNAs with two-way junctions and E > 0.82, as well as RNAs with three-way and higher junctions and E > 0.7, were considered to be in extended conformation. Deviations in E (E) of the calculated structures from the target structures were also computed for all conformations. If the molecule was not in extended conformation, the minimum sum of χ 2 and SASA gave the best candidate, while, if the molecule was in extended conformation, the minimum sum of χ 2 and E gave the best candidate.
RS3D was successfully applied to benchmark over 15 different RNAs that represent a majority of the folding architecture currently present in the structure database. aligned against the protein data bank structures with codes 1Y26 [37] and 2LC8 [38] , respectively. A calculated structure with this degree of accuracy would be expected to provide important structural information. For adenine riboswitch RNA, a long range tertiary interaction (~10 Å) between the two apical loops, predicted from covariation analysis [39] , was used as an additional tertiary restraint. The conformational sampling of the readthrough pseudoknot RNA was restrained by a pseudoknot predicted from mutational analysis [40, 41] . The performance of RS3D in determining the topological folds is comparable to other computational softwares (Fast-SAXS-RNA, NAST) that utilize SAXS data.
Conclusion and outlook
X-ray crystallography and NMR spectroscopy are still the methods of choice for high-resolution structure determination of RNAs. However they are often severely limited by technical challenges. Provided a limited number of high-resolution RNA structures, alternative methods that involve utilizing more easily accessible experimental data might be a practical way to obtain RNA 3D topological information. As SAXS experiments are carried out in solution, and RNA backbone atoms are good scatterers of X-rays, SAXS is highly suited and effective for RNA structure determination. The secondary structure of RNA can be correlated to the 3D folding.
Therefore, native-like topological folds can be achieved through efficient conformational sampling that involves natural "hierarchical" moves of the secondary structure motifs, guided by SAXS data. Although the high spatial resolution can be achieved by extending measurement to the wide angle region with momentum transfer up to 2.5 1/Å, which correspond to ~2.5 Å, such number is convoluted and can not be directly used for resolution enhancement. Nevertheless, the spatial uncertainty in the structure determination using SAXS may be resolved by the inclusion of a few tertiary constraints, which are shown to significantly improve RNA modeling results to produce biologically significant topological folds [26, 34] . Such information is routinely attainable. For example, a phylogenetic approach involving sequence alignment and covariational analysis may help predict some tertiary interactions. Furthermore, biochemical assays [34] . The corresponding similarity in rmsd is interesting to note. 
